
Theor Appl Genet (2011) 123:33–41

DOI 10.1007/s00122-011-1564-1

ORIGINAL PAPER

High-resolution mapping of Rsn1, a locus controlling sensitivity 
of rice to a necrosis-inducing phytotoxin from Rhizoctonia solani 
AG1-IA

Stefano Costanzo · Aaron K. Jackson · Steven A. Brooks

Received: 27 September 2010 / Accepted: 16 February 2011 / Published online: 19 March 2011
© Springer-Verlag (outside the USA) 2011

Abstract Rhizoctonia solani is a necrotrophic fungal
pathogen that causes disease on many crop-plant species.
Anastomosis group 1-IA is the causal agent of sheath blight
of rice (Oryza sativa L.), one of the most important rice dis-
eases worldwide. R. solani AG1-IA produces a necrosis-
inducing phytotoxin and rice cultivar’s sensitivity to the
toxin correlates with disease susceptibility. Unlike genetic
analyses of sheath blight resistance where resistance loci
have been reported as quantitative trait loci, phytotoxin sen-
sitivity is inherited as a Mendelian trait that permits high-
resolution mapping of the sensitivity genes. An F2 mapping
population derived from parent cultivars ‘Cypress’ (toxin
sensitive) and ‘Jasmine 85’ (toxin insensitive) was used to
map Rsn1, the necrosis-inducing locus. Initial mapping
based on 176 F2 progeny and 69 simple sequence repeat
(SSR) markers located Rsn1 on the long arm of chromo-
some 7, with tight linkage to SSR marker RM418. A high-
resolution genetic map of the region was subsequently
developed using a total of 1,043 F2 progeny, and Rsn1 was
mapped to a 0.7 cM interval Xanked by markers NM590
and RM418. Analysis of the corresponding 29 Kb genomic
sequences from reference cultivars ‘Nipponbare’ and ‘93-
11’ revealed the presence of four putative genes within the
interval. Two are expressed cytokinin-O-glucosyltransfe-

rases, which Wt an apoptotic pathway model of toxin activ-
ity, and are individually being investigated further as
potential candidates for Rsn1.

Introduction

Sheath blight disease of rice is caused by Rhizoctonia
solani Kühn [teleomorph: Thanatephorus cucumeris (A.B.
Frank) Donk] anastomosis group (AG) 1, intraspeciWc
group IA (Webster and Gunnell 1992). Sheath blight occurs
wherever rice is grown and is considered one of the most
important rice diseases worldwide (Webster and Gunnell
1992). Rice cultivars vary in levels of susceptibility to
the disease, and moderate resistance is known in cultivated
O. sativa and related wild species, but none are fully resis-
tant to sheath blight (Pan et al. 1999a; Prasad and Eizenga
2008). These germplasm sources are useful for variety
improvement, but the polygenic inheritance of partial resis-
tance complicates resistance breeding for sheath blight.

Sheath blight resistance assessment is often confounded
by extraneous factors such as plant height or maturity (Pan
et al. 1999a; Pinson et al. 2005). In many reports, mapping
of sheath blight resistance QTL has revealed confounding
factors associated with the same genomic loci (e.g. heading
date; Channamallikarjuna et al. 2010; Pan et al. 1999a; Sato
et al. 2004; Zou et al. 2000). In these analyses, it was
impossible to determine if the resistance accounted for at
such loci was real, or an eVect from the confounding factor.
This has led to the dismissal of such loci as false positives,
and research focus directed to resistance loci that had no
association with potentially confounding traits.

Numerous genetic analyses of sheath blight resistance
exist in the scientiWc literature (Channamallikarjuna et al.
2010; Che et al. 2003; Han et al. 2002; Kunihiro et al.
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2002; Li et al. 1995; Liu et al. 2009; Pan et al. 1999ab;
Pinson et al. 2005; Sato et al. 2004; Tan et al. 2005; Zou
et al. 2000), and date back to as early as 1995 (Li et al.
1995). Since no source of complete resistance is known in
O. sativa or its wild relative species (Pan et al. 1999a), most
reports described QTL for partial resistance (Channamalli-
karjuna et al. 2010; Han et al. 2002; Kunihiro et al. 2002;
Li et al. 1995; Liu et al. 2009; Pinson et al. 2005; Sato et al.
2004; Tan et al. 2005; Zou et al. 2000), although reports of
major genes for partial resistance also exist (Che et al.
2003; Pan et al. 1999a). The greatest limitation to the preci-
sion of QTL mapping lies in the disease phenotype, which
is confounded by environment, plant height, maturity, til-
lering, canopy density and fertilizer input (Webster and
Gunnell 1992). In attempts to control these factors some
researchers have resorted to using greenhouse assays (Liu
et al. 2009; Channamallikarjuna et al. 2010). However, the
greatest resolution obtained to-date was with a QTL on
chromosome 11 in an interval of 0.85 Mb, which contained
154 predicted genes, 26 of which were putatively related to
disease resistance and defense response (Channamallikarj-
una et al. 2010). Therefore, even the most precise QTL
mapping obtained over the last 15 years still lacked the pre-
cision necessary to readily identify sheath blight resistance
genes.

The development of resistant rice cultivars for the
United States and other rice-producing countries has prom-
ise for reducing disease severity and corresponding yield
losses. However, current genetic analyses are inadequate
for resolving the complex quantitative inheritance, and
making progress toward development of resistant cultivars.
To date, no genes have been identiWed for sheath blight
resistance, and few reports exist describing marker-assisted
selection (MAS) for sheath blight resistance (Tan et al.
2005; Srinivasachary et al. 2010; Zuo et al. 2008).

To address the perpetual problem of limited resolution in
genetic mapping due to imprecise disease phenotyping,
we focused on one component of the complex disease.
R. solani is a necrotrophic pathogen that is known to
produce host-selective toxins that may act as pathogenicity
or virulence factors (Aoki et al. 1963; Danson et al. 1999;
Lakshman et al. 2006; Mandava et al. 1980; Sherwood
1965; Vidhyasekaran et al. 1997). R. solani AG1-IA pro-
duces a phytotoxin that is genotype-speciWc, where sensi-
tivity and insensitivity to the toxin were observed in
cultivars of the host species (Brooks 2007). Brooks (2007)
also showed that toxin sensitivity was positively correlated
with disease susceptibility.

Previously, Brooks (2007) made a preliminary descrip-
tion of the heritability of R. solani phytotoxin sensitivity in
rice. In that report, two unlinked loci were shown to control
toxin sensitivity in a cross between the cultivars Cypress
and Jasmine 85. Cypress was fully sensitive (necrosis of all

leaf area inWltrated with the toxin) and Jasmine 85 was
completely insensitive (no response) to the toxin. For illus-
trative purposes, ‘N’ (now Rsn1) was used to label the
necrosis locus, and ‘C’ was used for the locus regulating
tissue chlorosis. In an F2 population from this cross (NN/
CC £ nn/cc) four phenotypic classes were observed and
corresponding genotypes predicted: fully necrotic (N_/C_),
intermediate necrotic (N_/cc), fully chlorotic (nn/C_), and
completely insensitive (nn/cc).

Due to the Mendelian inheritance of the toxin sensitivity
trait (9:3:3:1 segregation for each phenotypic class respec-
tively), this population was used for high-resolution map-
ping of the genes controlling R. solani phytotoxin
sensitivity in rice. In this report, a high-resolution genetic
map is presented for the locus regulating tissue necrosis,
designated Rsn1, for “Rhizoctonia solani necrosis gene
number one”. Our goal is to identify diagnostic DNA mark-
ers for eYcient MAS, identify the molecular basis of Rsn1
function, and explore the possibility of manipulating this
locus for rice improvement.

Materials and methods

Plant materials

Rice cultivars Cypress (PI 561734) and Jasmine 85 (PI
595927) were obtained from the University of Arkansas
Rice Research and Extension Center (Stuttgart, AR).
Cypress is toxin sensitive (tox-S) and very susceptible to
sheath blight (VS), and Jasmine 85 is toxin insensitive (tox-I)
and moderately resistant to sheath blight (MR) (Brooks
2007). Single plant selections from each cultivar were
maintained as pure lines and used as parents of the F2 map-
ping population. A total of 1,043 F2 plants were grown
under greenhouse conditions for trait phenotyping, DNA
extraction, and molecular marker analysis.

Fungal culture and toxin preparation

Rhizoctonia solani AG1-IA isolate B1 was collected as
sclerotia from naturally infected rice plants in Stuttgart
Arkansas, and conWrmed using Koch’s postulates and
DNA-based molecular markers (Brooks 2007). The master
isolate was sub-cultured annually onto potato dextrose agar
(PDA), and was used as the source of sclerotia for all toxin-
preparation cultures. The phytotoxin was prepared from
isolate B1 as previously described (Brooks 2007). BrieXy,
liquid cultures were made by transferring a PDA plug of
actively growing mycelia into an Erlenmeyer Xask contain-
ing sterile rice leaf medium and incubating at 28°C for 10–
14 days. The liquid fraction was recovered by vacuum
Wltration through Whatman 541 Wlter paper (Whatman
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International Ltd., Maidstone, England) and concentrated to
5-times the starting volume (5X TOX) using a Rotavapor
R-205 (BÜCHI Labortechnik AG, Postfach, Switzerland).
Phytotoxin preparations were stored at ¡20°C until used.

Phytotoxin sensitivity trait evaluation

Following the protocol of Brooks (2007), 5–10 �l of 5X
TOX was inWltrated into fully expanded rice leaves using a
Hagborg device (Hagborg 1970). For each independent
evaluation of 30- to 60-day-old plants a minimum of ten
replications were conducted. Multiple inWltrations were
possible on individual leaves and plants were tested repeat-
edly on newly formed leaves. Visual ratings of necrosis in
the inWltrated leaf areas were conducted 6–7 days post-inWl-
tration, and scored as fully necrotic, intermediate necrotic,
fully chlorotic, and insensitive.

DNA extraction

Two methods of DNA extraction were used. First, the rapid
DNA extraction method described by Xin et al. (2003) was
used to facilitate high-throughput extraction of DNA from
seedling leaf tissue. Second, the CTAB extraction method
described in Hulbert and Bennetzen (1991) was used to
purify DNA from selected recombinants for multiple
marker assays.

Microsatellite markers

SSR markers developed by McCouch et al. (2002) were
used for the initial phase of linkage mapping. Marker infor-
mation (‘RM’ coded series) and corresponding primer
sequences were obtained from the Gramene database (http:
//www.gramene.org). Following initial linkage detection of
Rsn1 with RM418, an additional 18 SSR markers on chro-
mosome 7 were added to construct an initial framework
map (RM295, RM5752, RM481, RM125, RM214, RM2,
RM21605, RM21606, RM21612, RM21615, RM8257,
RM21649, RM11, RM3404, RM455, RM505, RM234,
RM1362).

InDel (insertion/deletion) markers

An additional ten InDel-based molecular markers were
developed to increase marker saturation within the targeted
region on the long arm of chromosome 7 (Table 1).
Putative gene sequences from rice cultivars Nipponbare
(O. sativa ssp. japonica) and 93-11 (O. sativa ssp. indica)
were aligned using nucleotide BLAST (Altschul et al. 1990;
http://blast.ncbi.nlm.nih.gov/Blast.cgi) to detect InDels
between the two reference sequences in the RM2–RM11
interval. Sequences were obtained from the MSU Rice

Genome Annotation Project (Ouyang et al. 2007; Yuan
et al. 2005; http://rice.plantbiology.msu.edu/), and Gramene
(http://www.gramene.org/Oryza_sativa/). The speciWc
primers for each InDel were designed using Primer 3 soft-
ware (Rozen and Skaletsky 2000). InDel polymorphisms
detected between the japonica/indica reference sequences
were expected to be conserved with the parents of the map-
ping population, as Cypress is a japonica-type cultivar and
Jasmine 85 is closely related to indica-type cultivars.
Primer sequences, annealing temperatures, expected allele
sizes and map positions for the InDel markers developed in
this study are also presented in Table 1.

Polymerase chain reaction (PCR) and allele detection

PCR reactions were performed in 25 �l volumes containing
20 ng of template DNA, and Wnal concentrations of: 10 mM
Tris–HCl pH 8.3, 50 mM KCl, 2.5 mM MgCl2, 300 nM
each primer, and 1 unit of Taq DNA polymerase (Promega,
Madison, WI, USA). For PCR reactions with template
DNA prepared using the rapid extraction method, bovine
serum albumin (0.1%) and PVP40 (1%) were added at con-
centrations relative to the Wnal reaction volume. For each
marker, one primer was labeled with a Xuorescent dye
(6FAM, NED, PET or HEX) purchased from Applied Bio-
systems (Foster City, CA, USA) or Integrated DNA Tech-
nologies (Coralville, IA, USA). PCR reactions were
performed in MJ Research thermal cyclers (Waltham, MA,
USA) under the following conditions: (1) initial denaturing
at 94°C for 5 min; (2) 35 cycles of 94°C for 1 min, 55–
67°C (marker dependent annealing temperature) for 1 min,
72°C for 2 min; and (3) 5 min Wnal extension at 72°C. PCR
products were pooled based upon dye color and size range
of the ampliWed fragments (typically three markers per run
including ROX or LIZ-labeled size standards), and the
products denatured by heating at 94°C for 5 min. The prod-
ucts were resolved using an ABI Prism 3730 DNA Ana-
lyzer according to the manufacturer’s protocols, and
automated genotyping was performed using GeneMapper
Version 3.7 software (Life Technologies Corp., Carlsbad,
CA, USA).

Linkage analysis and mapping

One hundred and twenty SSR markers evenly distributed
on the 12 rice chromosomes were selected to map the Rsn1
gene. A parental survey was conducted with these markers
to identify clear polymorphism between the two parental
lines Cypress and Jasmine 85. Ultimately 69 SSR markers
(5–6 markers per chromosome) were used for linkage
detection with Rsn1 on the initial set of 176 F2 progeny.
Following linkage detection, additional SSR markers were
used to construct a low-resolution framework map spanning
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the Rsn1 locus. From this map Xanking SSR markers (RM2
and RM11) were selected to identify additional recombi-
nant F2 progeny (as seedlings). All recombinants were
grown to maturity, phenotyped for toxin sensitivity, and
extensively genotyped to increase map resolution. The Wnal
population size totaled 1,043 F2s with 28 chromosome 7
markers (18 SSRs and 10 InDels).

All genetic linkage maps were assembled using Join-
Map 4.0 software (Van Ooijen 2006). The critical log10 of
odds ratio (LOD) value of 2.0 or more was used to assign
marker loci to linkage groups. The Kosambi mapping
function (Kosambi 1944) was used to convert recombina-
tion frequencies to map distances in centiMorgans.
Linkage groups were identiWed to represent speciWc chro-
mosomes on the basis of the position of known SSR mark-
ers used in previously published rice genome maps. The
analytical approach used to identify and validate putative
regions associated with the necrosis-inducing locus, segre-
gating in the in the 176 F2 initial population, used the
established linkage map and the observed phenotypic
traits implementing the non-parametric Kruskal–Wallis
K test (Hollander and Wolfe 1973; Lehmann and
D’Abrera 1975). For the K test, an association was indi-
cated when the mean values of the marker classes were
signiWcantly diVerent at P < 0.01.

Results

The Wrst 176 F2 plants were all phenotypically classiWed as
parent-A (Cypress) or heterozygous (H) type when any por-
tion of the inWltrated leaf area became necrotic. This rating
included both fully necrotic and intermediate necrotic
types, as both phenotypes indicated the presence of a domi-
nant allele at Rsn1. The expected phenotypic ratios were 9/
16 and 3/16 respectively, which was equivalent to 3/4 of all
F2 plants. Plants that were chlorotic or insensitive to toxin
inWltration were scored as parent B type, as these pheno-
types indicated homozygous recessive alleles at rsn1. The
expected phenotypic ratios were 3/16 and 1/16 respectively,
which was equivalent to 1/4 of all F2 plants. Although two
genes were segregating for toxin sensitivity in the F2 popu-
lation, the unique phenotypes permitted independent scor-
ing of the Rsn1 locus as 3/4 Rsn1, _ and 1/4 rsn1, rsn1. The
critical value of �2 (df = 1, alpha = 0.05) is 3.841. The cal-
culated �2 of 0.758 failed to reject the null hypothesis for a
single dominant locus conferring necrosis in the population.

Preliminary Rsn1-marker linkage detection was per-
formed using 69 polymorphic SSRs with genome-wide
coverage on the initial set of 176 F2 progeny. One of Wve
markers on the long arm of chromosome 7 (RM418) was
tightly linked with Rsn1. After establishing linkage

Table 1 Summary of InDel markers and corresponding primer sequences developed by comparison of the Nipponbare (NB) and 93-11 reference
sequences for marker saturation of the Rsn1 locus on rice chromosome 7

Marker name Primer sequence (5�–3�) Annealing 
temp. (°C)

Expected fragment 
sizes (bp) NB/93-11

Physical 
position (Mb)

NM28160F GGTGGGAGCACGCATGAACTGT 55 120/114 16.44

NM28160R TCATATCGCGCACACCTTCCTGA

NM750F TCTCGTGACTACACCAACAAGTGG 58 260/266 17.49

NM750R TCAAATGACCCACATGGATTGCCC

NM150F AGGAGTTGGCCCACACCGACA 56 208/213 17.79

NM150R TCTCCGGGCCAGCAATAGCCA

NM210F TTGATGGATGGATCATGGAGGCGT 56 240/242 17.84

NM210R TGGAGCTGTACCAAACATGCCCTA

NM300F GGACCTCGAGCACGCCACAC 56 348/354 17.90

NM300R CCATGGAATAGTAGCAGTAG

NM510F CATTGCACAGTGACCGACACACTA 55 283/286 18.05

NM510R GACACGTTGTTGCAGGCCTATTCT

NM590F GTTCCCAAGAAGCATTTGCCCTGT 58 162/172 18.10

NM590R ACGGTAAGGTAAGGCACCCAACAA

NM691F TTAAGAGCAGTAGGCATCGTGGCA 56 393/420 18.20

NM691R AGTATGGCACCGCTCTTTATCGCA

NM190F TCATCGGGCGTCCGTGCAG 55 436/410 18.40

NM190R TGGTGGGGGTGGTGGCAGAT

NM31550F TGATTAGCAGGTGTAGCACC 55 280/290 18.70

NM31550R CAAAGAATAGCATTGGTGAC
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between Rsn1 and RM418, seven more chromosome 7 SSR
markers were tested on the initial 176 F2 progeny. This
chromosome 7 linkage map included 12 RM-SSR markers
spanning 124.8 cM. The Rsn1 locus was Xanked by SSRs
RM2 and RM11 within a 14.6 cM interval. These markers
were used to identify 116 recombinants in the RM2–RM11
interval out of 867 additional F2 progeny, which made the
eVective population size 1,043 F2 individuals.

A high-resolution genetic map (Fig. 1) was constructed
using all RM2–RM11 recombinants, 12 additional markers
in the interval, and the phenotypic results of each line. Rsn1
mapped to a 0.7 cM interval Xanked by markers NM590
and RM418. A comparison of the genetic map with the

Nipponbare physical map showed colinearity of the molec-
ular markers, and the NM590-RM418 0.7 cM interval cor-
responded to a 29 Kb physical distance. Four genes were
predicted within the interval and are candidates for Rsn1
(Table 2), including two putative cytokinin-O-glucos-
yltransferases (LOC_Os07g30610 and LOC_Os07g30620),
a putative male sterility protein (LOC_Os07g30600) and a
hypothetical protein (LOC_Os07g30630). Full-length
cDNA transcripts existed for both putative cytokinin-O-
glucosyltransferases, while expression evidence for the
remaining two genes is uncertain (Table 2).

Sequence analyses from Nipponbare and 93-11 showed
that the two putative cytokinin-O-glucosyltransferases were

Fig. 1 Schematic representation of the RM2–RM11 interval on rice
chromosome 7 that spanned the Rsn1 locus. Map orientation for the
long arm was proximal (left) to distal (right). a Comparison of the
physical and genetic linkage maps. Map scales were in kilobases (Kb;
top) and centiMorgans (cM; bottom). Marker names were indicated on
top and distances below each map. Markers in bold were the closest
Xanking markers for Rsn1. b Eight recombinant genotypes and the cor-

responding toxin phenotype. Phenotypes were tox-S (sensitive Cy-
press-type) and tox-I (insensitive Jasmine 85-type). Homozygous rsn1/
rsn1 regions were indicated with shaded bars and ‘J’ for Jasmine 85-
type. Open bars indicated Rsn1/rsn1 heterozygous regions and were
labeled ‘H’. The number of recombinants comprising each haplotype
out of 1,043 F2 progeny are indicated at right

Table 2 List of candidate genes predicted within the 29 Kb genomic interval between Rsn1 Xanking markers NM590 and RM418 from cultivar
‘Nipponbare’ (Ouyang et al. 2007; Yuan et al. 2005)

aa amino acid polypeptide length, FL-cDNA full-length cDNA reported?

Gene identiWer Predicted function Predicted length (aa) Rice FL-cDNA

LOC_Os07g30600 Male sterility protein, putative 476 No

LOC_Os07g30610 Cytokinin-O-glucosyltransferase 2, putative 483 Yes

LOC_Os07g30620 Cytokinin-O-glucosyltransferase 2, putative 499 Yes

LOC_Os07g30630 Hypothetical protein 164 No
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tandemly arranged on the minus strand of the chromosome
7 pseudomolecule (Fig. 2). No genes were predicted
between the two homologs in the 9.2 Kb intergenic region
in Nipponbare, or the 7.8 Kb intergenic region in 93-11.
The diVerence in size of the intergenic regions is due to a
1.3 Kb InDel (present in Nipponbare) located approximately
600 bp downstream from the 3� end of LOC_Os07g30620.
A comparison of nucleotide and amino acid sequences
(Nipponbare vs. 93-11) revealed 99% similarity for each
gene between the cultivars. The gene models predict single
open reading frames (ORF) of nearly identical size for
LOC_Os07g30610 and LOC_Os07g30620 (1,449 and
1,497 bp respectively). Four amino acid substitutions occur
between the LOC_Os07g30610 homologs, while only one
substitution was found between LOC_Os07g30620 homo-
logs. An additional comparison of predicted amino acid
sequences of the two genes within each cultivar revealed
72% amino acid identity.

Discussion

Phytotoxins are key components of pathogenicity and viru-
lence in necrotrophic fungi, but have had limited descrip-
tion thus far in R. solani (Aoki et al. 1963; Brooks 2007;
Danson et al. 1999; Lakshman et al. 2006; Mandava et al.
1980; Sherwood 1965; Vidhyasekaran et al. 1997).
Although the phytotoxin produced by R. solani AG1-IA
has not been fully characterized, host sensitivity has been
described to toxin-containing culture Wltrates and partially
puriWed fractions (Brooks 2007; Vidhyasekaran et al.
1997). By focusing on this component of the pathosystem
we were able to Wne map a gene conferring host-plant sen-
sitivity to the phytotoxin.

Rsn1, which induces necrosis of host tissue in response
to toxin inWltration, maps to the long arm of chromosome 7.
Interestingly, Pan et al. (1999b) described a QTL for sheath
blight resistance (qSB-7) in the same region as Rsn1 and
from the same resistant-source used herein (Jasmine 85).

The cross included the susceptible cultivar Lemont, which
is also in the pedigree of the susceptible cultivar Cypress.
However, Zou et al. (2000) dismissed qSB-7 as a false
locus due to detection of a heading date QTL in the same
region of chromosome 7. Independently, Liu et al. (2009)
also performed QTL mapping of sheath blight resistance in
a population derived from Lemont/Jasmine85. This group
reported QTL detected using greenhouse disease assays,
and validated those QTL using Weld assays. However, due
to the focus of the paper the authors did not report a signiW-
cant QTL they detected on chromosome 7, in the same
region as Rsn1, because it was detected under Weld condi-
tions only (G. Liu personal communication). This QTL
(qShB7) was detected in Weld studies conducted in both
Arkansas and Louisiana, and also had the highest LOD
scores for the study. Whether or not Rsn1 is the gene
responsible for qSB-7 and qShB7 is unknown. However, it
is possible that they are one in the same, since the two pop-
ulations share identical sources of resistance with R-loci
mapping to the same position. The InDel markers devel-
oped in the present work, which are tightly linked to the
gene, will be valuable for future work to determine if Rsn1
is the gene previously detected as a sheath blight resistance
QTL.

The two most promising candidate genes identiWed for
Rsn1 are the cytokinin-O-glucosyltransferases. Within a
single cultivar (e.g. Nipponbare) there is 72% amino acid
identity between the two predicted polypeptide sequences
(LOC_Os07g30610 vs. LOC_Os07g30620). This degree of
sequence conservation has suYcient polymorphism for
independent gene silencing by RNA interference, enabling
us to use this technique to identify Rsn1 without the risk
of knocking down both genes simultaneously. Further-
more, there is very little polymorphism within each gene
between the Nipponbare and 93-11 reference sequences.
Only four amino acid diVerences occur between the
LOC_Os07g30610 predicted polypeptides, and one amino
acid diVerence between the LOC_Os07g30620 predicted
polypeptides. This high degree of sequence conservation

Fig. 2 Diagram of the Nipponbare chromosome 7 genomic interval
between molecular markers NM590 and RM418. The predicted gene
models are represented in boxes: black colored boxes represent pre-

dicted transposable elements, gray boxes indicate genes with putative
function, white boxes are hypothetical proteins. Arrows indicate the
5�–3� ORF orientation
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will enable quick identiWcation of the functional
polymorphism(s) if one of these genes is conWrmed as
Rsn1.

The cytokinin-O-glucosyltransferases are the most likely
Rsn1 candidates based upon putative gene function. Glu-
cosyltransferases comprise a large family of enzymes, some
of which have been shown to detoxify mycotoxins pro-
duced by Alternaria brassicae, Fusarium sp., and Scleroti-
nia sclerotiorum (Pedras et al. 2002; Poppenberger et al.
2003; Schweiger et al. 2010; Sexton et al. 2009). Cytoki-
nin-O-glucosyltransferases recognize cytokinins as accep-
tor molecules for glucosylation, forming O-glucosides that
are thought to play a role in hormone homeostasis (Hou
et al. 2004). The enzymes also transfer the sugar group
from a donor molecule (do not require a free sugar) to the
acceptor, so they are involved directly in the degradation of
the carbohydrate donor (Tai et al. 2008). The cytokinin-glu-
cosides are known to be inactive forms of the hormone,
presumably formed to regulate the amount of hormone
present in plant tissues (Mok and Mok 2001). However,
cytokinin-ribosides have been shown to inhibit cell growth
and are capable of inducing apoptosis (Ishii et al. 2002).
Others (Carimi et al. 2003; Gahan et al. 2003) have also
shown the involvement of cytokinins in apoptosis, which is
contrary to the widely accepted functions of these hor-
mones. Therefore, glycosylation of cytokinins can either
nullify the hormone, or reverse their “normal” function to
induce cell death.

The potential role of cytokinin-glucosides as inacti-
vated hormones or inducers of cellular apoptosis is an
important feature for phytotoxin sensitivity. Phytotoxins
are known inducers of apoptosis (Wolpert et al. 2002), and
an enzyme that nulliWes the anti-senescence function of
cytokinins or alters the function to induce cell death, Wts
the model of toxin induction of tissue necrosis via cellular
apoptosis. Interestingly, Vidhyasekaran et al. (1997)
showed that RS-toxin was a carbohydrate, and the partial
puriWcation and analysis showed that the toxin was com-
posed primarily of glucose moieties. Later, Shanmugam
et al. (2001) showed that an �-glucosidase derived from
Trichoderma viridae was capable of degrading RS-toxin,
which would catalyze the release of free �-glucose during
degradation of the toxin. Based upon this evidence we
speculate that Rsn1 is a cytokinin-O-glucosyltransferase
that may interact directly with the R. solani carbohydrate-
based phytotoxin (i.e. RS-toxin). In doing so, glucose moi-
eties would be bound to cytokinin acceptor molecules,
producing cytokinin-glucosides. (Whether or not the glu-
cose moieties could be derived from the toxin itself is of
particular interest.) In this process, the cytokinin(s) would
be inactivated and their inhibition of apoptosis stopped,
which would allow tissue necrosis to progress via
programmed cell death. However, a second chlorosis-

inducing gene is known to be involved in sensitivity to this
toxin (Brooks 2007). Therefore, this tentative model can
serve only as the basis for hypotheses in future work to
elucidate the toxin sensitivity pathway(s).

Cytokinins are well-known plant growth hormones that
have numerous functions in plant growth and development.
However, their role in plant defense responses is poorly
understood. In a model proposed by Robert-Seilaniantz
et al. (2007) cytokinins were involved in cross-talk between
the jasmonic acid/ethylene (JA/ET) and salicylic acid (SA)
resistance pathways. In their model cytokinins positively
inXuenced JA/ET mediated resistance to necrotrophs where
cell death was inhibited. Conversely, negative inXuences on
cytokinins reversed this eVect via the SA pathway leading
to necrotroph susceptibility. Cloning of Rsn1 may ulti-
mately lead to a better understanding of the role of cytoki-
nin in host plant defense responses. Currently, we have
preliminary evidence that Rsn1 is a cytokinin-O-glucosyl-
transferase and have begun plant transformation experi-
ments using the two genes identiWed herein to provide
conclusive proof of gene identity. In parallel, we are in the
process of map-based cloning of the “chlorosis” sensitivity
gene that is known to act epistatically with Rsn1 (Brooks
2007). Cloning the chlorosis gene will provide the means to
begin to assemble the pathway in which the toxin induces
tissue necrosis and increases susceptibility to R. solani.
This work not only advances studies in the rice-sheath
blight system, but may also be useful for understanding
R. solani phytotoxin sensitivity and disease susceptibility
in other hosts.
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